Wheat gliadin and glutenin epitopes for atopic dermatitis were degraded by crude proteases from germinated wheat seeds (PGW). PGW contained cysteine and serine protease activities and hydrolyzed gliadin epitope peptide, PQQPF, at both pH 4.5 and 7.5. The other gliadin epitope peptide, QQPFP, and the overlapped peptide of the two epitopes, PQQPFP, were fully hydrolyzed by PGW at pH 7.5, but were weakly hydrolyzed at pH 4.5. PGW also hydrolyzed the glutenin epitope peptide, QQQPP, at pH 7.5 but only partially at pH 4.5. A 16-mer peptide, CSQQQQPPFSQQQPPF (Glu-16), which incorporated this glutenin epitope twice, was also hydrolyzed by PGW at pH 4.5. Glu-16 was degraded by PGW into QQPP, QQQPP, QQPPF and QQQPPF, as confirmed by mass spectrometry.
Introduction
Wheat allergy is a serious food allergy, and the symptoms include atopic dermatitis, urticaria (Varjonen et al., 1994) , exercise-induced anaphylaxis (Palosuo, 2002) , and coeliac disease (Hartmann et al., 2006) . Many wheat proteins have been detected by immunoblotting with immunoglobulin E (IgE) from wheat allergy patients (Varjonen et al., 1994; Pastorello et al., 2007) . In particular, gliadin, low molecular weight (LMW) glutenin, α-amylase inhibitor, and peroxidase have been reported as allergenic proteins in wheat (Palosuo, 2002; Pastorello et al., 2007) . As degradation of allergen proteins is generally effective in reducing allergic responses, hypoallergenic wheat flour was produced by treatment with bacterial proteases (Watanabe et al., 1994 and 2000) .
Wheat seeds have protease activities themselves, which especially increase during germination to degrade gliadin (Bigiarini et al., 1995) . The degradation of gliadin by endogenous proteases is expected to reduce allergenic responses to wheat as gliadin is a major wheat allergen. Bottari et al. (1996) has reported gliadin degradation by purified wheat cysteine protease, while Sutoh et al. (1999) previously hydrolyzed gliadin and glutenin by crude fractions of wheat cysteine and serine proteases. Moreover, Tanabe et al. (1996) indentified an IgE-binding epitope of glutenin for atopic dermatitis (QQQPP), and then epitopes of gliadin (PQQPF and QQPFP) (Tanabe, 2004) . Gliadin peptides, such as LGQQQPFPPQQPYPQPQPF, for patients with coeliac disease can be degraded by crude proteases from germinating wheat and rye seeds (Hartmann et al., 2006) . However, enzymatic degradation of these epitopes for atopic dermatitis has not been reported.
Spontaneous germination of wheat seeds during pre-and post-harvest result in poor quality flour, thereby reducing the value and end-use of the crop. In this study, we thus utilized these germinating seeds to examine the potency of endogenous crude protease as a reducing material for atopic dermatitis in wheat.
Materials and Methods
Chemicals Custom-synthesized 5~7-mer peptides were obtained from Invitrogen (Tokyo, Japan), and a 16-mer peptide CSQQQQPPFSQQQPPF (Glu-16) was obtained from Scrum (Tokyo, Japan). Benzyloxycarbonyl (Z)-G-G-R-4-methylcoumaryl-7-amide (MCA) was purchased from Sigma-Aldrich (MA, USA), and other MCA-conjugated peptides were purchased from Peptide Institute (Osaka, Japan). Protein markers were obtained from New England Biolabs (MA, USA).
Determination of protease activity and proteins Protease activity was measured fluorometrically using MCA released from the MCA-conjugated peptides. In a reaction mixture (45 µL), 50 mmol/L sodium citrate buffer (pH 4.5) or 50 mmol/L Tris-HCl buffer (pH 7.5) containing 1 mmol/L dithiothreitol (DTT), 0.1 mmol/L substrates and 5% dimethyl sulfoxide was mixed with 5 µL enzyme solution in 96-well black microplates. The fluorescence (Ex: 340 nm and Em: 460 nm) was measured after incubation at 37℃ for 1 h. One unit of enzyme activity was defined as the release of 1 µmol MCA under the experimental conditions. Protein concentration was determined using a DC-protein assay (Bio-Rad, CA, USA) and bovine serum albumin (A-2153; Sigma-Aldrich) was used as a standard protein.
Preparation of crude proteases from germinated wheat seeds (PGW) Seeds of wheat cultivar Yukichikara were germinated according to the method of Dominguez and Cejudo (1995) . The homogenate of germinated seeds was centrifuged at 10,000 × g for 10 min at 4℃. The supernatant was desalted using PD-10 (GE Healthcare, Buckinghamshire, UK), and was further concentrated using a Centriprep-10 ultrafiltration unit (Millipore, Tokyo, Japan). The extract was applied to a DEAE-Toyopearl 650M (Tosoh, Tokyo, Japan) column equilibrated with 20 mmol/L Tris-HCl buffer (pH 7.5) containing 1 mmol/L DTT before use and was eluted using the same buffer with a linear gradient of NaCl from 0 to 0.2 mol/L. Hydrolyzing activities of the fractions for both Z-G-G-R-MCA and Z-F-R-MCA were measured according to the method mentioned above, and the active fractions were further fractionated by gel-filtration column chromatography on Superdex 200 HR (GE Healthcare) with 50 mmol/L Tris-HCl buffer (pH 7.5) containing 1 mmol/L DTT.
Degradation of epitope peptides from gliadin and glutenin The reaction mixture (50 µL) containing 5~20 µL PGW, 20 µg epitope peptides, 1 mmol/L DTT, and 50 mmol/ L sodium citrate buffer (pH 4.5) or Tris-HCl buffer (pH 7.5) was incubated at 37℃ for 16 h. The resting peptides were separated by high performance liquid chromatography (HPLC) on a 5C4-200 or a Navi C18-5 column (4.6 × 250 mm, Wako, Japan) with a linear gradient of acetonitrile (5% to 20 or 50% in 30 min) in 0.2% formic acid at the flow rate of 0.5 mL/min. The eluent was monitored at 214 nm. For mass spectrometry (MS) analysis of PGW-treated Glu-16 at pH 4.5, the reaction mixture of 50 µL PGW, 1 mg Glu-16 and 1 mmol/L DTT was incubated at 37℃ for 16 h, and the mixture was fractionated by HPLC with the 5C4-200 column (0% to 50% acetonitrile in 50 min). The collected fractions were dried using a centrifugal evaporator, dissolved in highly purified water, and stored at -20℃ until use.
MS analysis of peptides
For matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS, the sample solution was mixed with a matrix solution of α-cyano-4-hydroxycinnamic acid and the positive ion mass spectrum was measured on a Voyager-DE PRO (Applied Biosystems, CA, USA) in the reflector mode. Electrospray ionization (ESI) mass spectra were recorded on an ion trap mass spectrometer (LCQ; Thermo Fisher Scientific, Inc., MA, USA) using a syringe pump at a flow rate of 600 nL/ min after desalting using Zip Tip C18 (Millipore) resin. The parameters were optimized using a standard solution of angiotensin I in the positive-ion mode as follows: ESI spray voltage, 1.9 kV; capillary temperature, 160℃; and capillary voltage, 42 V. Helium was used as the collision gas and the relative collision energy was set at 35% for MS n experiments.
Results and Discussion
Characterization of PGW The hydrolyzing activity of PGW on Z-F-R-MCA (Sutoh et al., 1999) at pH 4.5 and on Z-G-G-R-MCA (Zimmerman et al., 1978) at pH 7.5 was 0.57 and 0.38 units/mL, respectively; the amount of crude protein (units/mg) was 20.2-and 7.6-fold that in the supernatant of germinated wheat seeds. Further purification was not applied because of a significant reduction in activity. Table 1 shows the substrate specificity of PGW at different pH values. The activity on Z-F-R-MCA at pH 7.5 was 40% lower than that at pH 4.5, while the activity on Z-G-G-R-MCA was barely detected at pH 4.5. The hydrolyzing activity of PGW on an aspartic protease substrate, Z-A-A-N-MCA (Sutoh et al., 1999) was very low.
s. oita et al. The activity on Z-F-R-MCA at pH 4.5 was strongly inhibited by 10 µmol/L trans-epoxysuccinyl-leucylamido (4-guanidino) butane (E-64), a cysteine protease inhibitor, but not by serine protease inhibitors, 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF) and phenylmethanesulfonyl fluoride (PMSF); a metalloprotease inhibitor, ethylenediaminetetraacetic acid (EDTA); and an aspartic protease inhibitor, pepstatin A (Table 2 ). The activity on Z-G-G-R-MCA at pH 7.5 was inhibited by AEBSF, but little or not inhibition was seen by the other protease inhibitors (Table 2) . Thus, the activity on Z-F-R-MCA at pH 4.5 represents cysteine protease activity and the activity on Z-G-G-R-MCA at pH 7.5 represents serine protease activity; it is unclear why little inhibition was observed for PMSF on Z-G-G-R-MCA-hydrolyzing activity at pH 7.5. These results are consistent with the report by Sutoh et al. (1999) that germinated wheat seeds contained E-64-inhibiting cysteine protease and diisopropyl fluorophosphates-inhibiting serine protease.
Degradation of gliadin and glutenin epitopes by PGW The degradation of synthetic epitope peptides from gliadin and glutenin by PGW at pH 4.5 and 7.5 is summarized in Table 3 . PQQPF and QQPFP were reported as the minimum IgE-binding gliadin epitopes for atopic dermatitis (Tanabe, 2004) , with 5 repeats each in wheat γ-gliadin (283 amino acids, Scheets and Hedgcoth, 1988) . The hydrolyzing activity of PGW on PQQPF was high at both pH 4.5 and 7.5. The activity on QQPFP and PQQPFP was higher at pH 7.5 than at pH 4.5. HPLC analysis showed peaks corresponding to PQQPF, QQPFP and QQPF following the reaction of PQQP-FP and PGW at pH 7.5 (Fig. 1) , but not at pH 4.5 (data not shown). The higher activity at pH 7.5 indicated that QQPFP and PQQPFP degradation is caused by the serine protease activity of PGW.
HPLC analysis also determined the hydrolyzing sites of PQQPFP for PGW at pH 7.5 to be P ↓ QQPF ↓ P (Fig. 1) . Davy et al. (1998) reported that a barley cysteine protease EP-B cleaved a barley protein C hordein at PQ↓QPFP. Hartmann et al. (2006) demonstrated that crude enzymes from germinated rye seeds degraded the α-gliadin peptide (for coeliac disease) at the preferred cleavage sites
Our results indicated that the gliadin epitope is hydrolyzed completely by PGW containing these enzymes. QQQPP was reported as a minimum IgE-binding epitope of glutenin for atopic dermatitis (Tanabe et al., 1996) and has 4 repeats in LMW glutenin (381 amino acids) (Masci et al., 1998) . QQQPP was completely degraded by PGW at pH 7.5, but a significant amount of peptide remained after the Degradation of Wheat Epitopes The hydrolyzing activity on Z-F-R-MCA and Z-G-G-R-MCA was measured at pH 4.5 and 7.5, respectively. The activities are relative to that measured without inhibitor. incubation with PGW at pH 4.5 (Table 3) . Due to the lower degradation of QQQPP by PGW at pH 4.5, degradation of a longer peptide including QQQPP was also examined. Since an allergenic 30-mer peptide, (SQQQQPPFSQQQPPF) 2 , was isolated from the enzymatic hydrolysate of gluten (Tanabe et al., 1996) , a synthetic 16-mer peptide (Glu-16) was designed for the reaction. An N-terminal C residue was added to Glu-16 for identification of partially degraded peptides. After the reaction of 10 µL PGW with 20 µg Glu-16 at pH 4.5 for 16 h, the HPLC result showed the absence of Glu-16 and no pronounced peaks. When we reacted 50 µL PGW with 1 mg Glu-16, approximately 20 molar times that of QQQPP, several peaks were observed (Fig. 2) . The peaks A~D were fractionated for clarification of the hydrolyzing sites of Glu-16 for PGW at pH 4.5.
MS analysis of degraded peptides from glutenin
The four major fractions from HPLC were applied to mass spectrometry. Fraction A gave a major peak at m/z 597 accompanied by a minor peak at m/z 469 (Fig. 3A) , corresponding to QQQPP and QQPP, respectively. Fraction B showed two major peaks at m/z 744.2 and m/z 616.2 (Fig. 3B) , corresponding to QQQPPF and QQPPF, respectively. Fractions C and D showed intense peaks at m/z 1751.8 and m/z 1899.2, respectively, corresponding to sodium additive ion of CSQQQQP-PFSQQQPP and the original Glu-16, respectively (Fig. 3C  and 3D ). These results were confirmed by MS n experiments using the ion trap mass spectrometer. hydrolyzed Glu-16 under acidic conditions at various sites, although QQQPP, QQPP and the peptides containing these sequences were incompletely hydrolyzed. That is, the preferred cleavage sites of Glu-16 for PGW are CSQ ↓ Q ↓ QQPP ↓ F ↓ S ↓ Q ↓ QQPP ↓ F, but the priority of the cleavage sites is difficult to estimate. In this study, we clarified that PGW is effective in degrading epitopes of wheat gliadin and glutenin for atopic dermatitis. Watanabe et al. (2000) reported that the microbiological cellulase-and actinase-treated hypoallergenic wheat flour was applicable to cup cakes and cookies. A tripeptide IAP obtained by hydrolysis of wheat gliadin with acid protease inhibited the activity of angiotensin I-converting enzyme (Motoi and Kodama, 2003) . Germinating wheat seeds may also be applicable to lower allergenic food materials for cakes and cookies, or functional peptide materials. 
